This paper presents a study of the fine grain physiological responses of participants to an immersive virtual simulation of an urban environment. The analysis of differences in participant responses at various stages of the experiment (baseline recordings, training, first half and second half of the urban simulation) are examined in detail. It was found that participants typically show a stress response during the training phase and a stress response towards the end of the simulation of the urban experience.
INTRODUCTION
Today's virtual environment (VE) systems cannot produce sensory output that has fidelity close to physical reality. For example, it remains costly to obtain real-time global illumination for visual outputs, although recent research have started to address this problem ( see [8] in this volume). Similarly, realtime generation of sound and full body haptics remain problematic . Despite the relatively poor quality of the stimuli being created, evidence suggests that people do tend to exhibit behaviours and responses as if the situation were real; it is as if basic minimal cues are operational that provide sensory data that is sufficient for the human perceptual system to respond to them as if they were real. Perhaps the most compelling demonstrations of virtual environments come from simulations of stressful situations. Meehan et al. [12] used physiological monitoring to demonstrate that participants behave with an appropriate physiological stress response when subjected to a stressful virtual environment.
In this paper, we expand the use of physiological monitoring to look at the response of the participant in more general situations that do not contain stimuli designed to be shocking. The motivation is that by observing more of the physiological response of the participant we may better interpret subjective ratings and observations of the participants' performance. The main idea is to use the physiological response as a technique for the evaluation of the stress level during virtual experiences. During different phases of the same virtual experience, the participant may have different responses to the environment and perceive the experience in different mental and physical states.
This work exploits knowledge about how the nervous system reacts to novel situations. In our study, we recorded physiological signals from 40 participants during a immersive experience in a virtual street environment that contained virtual people walking through the street. We then analyzed the recorded reactions of the participants during different time segments, in particular before and during the virtual experience, in order to determine the psychophysiological impact of the VE on the participant. We utilized the physiological responses of the participant as an evaluative method in determining the level of stress experienced by the participant during the experience. The experiment also investigated the impact of variations in the scene across two conditions: texture quality and visual realism of the virtual people. This aspect is reported in [23] .
In the following sections we discuss an overview of the most common techniques used in measuring participants' reactions in a VE and some further background on the use of heart-rate and heart-rate variability measures. Then, we describe the design of the experiment, we outline the methods used in analyzing the physiological data followed by discussion of the findings. Finally, we briefly present intentions for future work based on the current results.
HUMAN REACTIONS IN VE

Presence
The propensity of subjects to act within virtual environments as if the stimuli were real in some sense, has been called presence. There are several definitions of and scientific approaches to pre-sence in the literature [4] [14] . Witmer et al. [25] defined presence as "the sense of being there (in a virtual environment), even when one is physically situated in another place (lab)". In this paper we adopt a recent definition of presence introduced by Sanchez Vives and Slater [13] , according to which "Presence occurs when there is a successful substitution of real sensory data by computer generated sensory data, and . . . the person responds to the virtual stimuli as if they were real". The response should be considered at multiple levels ranging from physiological through to conscious behavioural and cognitive responses. In this paper we focus only on physiological responses, in particular heart rate and heart rate variability.
There are numerous physiological measurements that could be recorded during a study using non invasive devices. The most common are heart rate (HR), skin conductance (otherwise known as galvanic skin response or GSR) and skin temperature, electroencephalogram (EEG) and electrocardiogram (ECG). Wiederhold at al. [24] used physiological responses to analyze the behaviour of "phobic" and "non-phobic" individuals in a virtual environment. Meehan [11] used physiological responses to measure how believable the experience of being at the edge of a virtual pit was. The hypothesis was that if the people were present, the virtual pit would have been able to evoke physiological responses similar to those of a corresponding real environment. They also noted that HR and GSR measure the arousal of the individual, therefore might only be used when such arousal is intrinsic to the task, e.g. fear.
Other experiments have shown that GSR and HR could be used as objective measures in monitoring participant reactions to virtual environments [7] . Recent evidence suggests a relationship between events during a virtual reality experience and physiological responses. In particular, breaks in presence (BIP) [17] are associated with detectable physiological responses in GSR and ECG recordings [15, 16] .
Heart Rate and Heart Rate Variability
The relationship between mental and bodily processes originates in the central nervous system (CNS) which acts as an "interface" between the external world and the internal organs [9] . In particular, it is the autonomic nervous system (ANS) that controls the activities of the internal organs, such as heart contraction and rate, sweat gland activity, skin temperature and many other visceral functions. Andreassi [2] reports on the relationship between physiological manipulations and corresponding physiological responses. In stressful situations the body responds in a variety of ways such as increasing the HR and electrodermal activity (EDA), decreasing the skin temperature or inducing rapid and shallow breathing and so on. These responses are generally modulated by the Sympathetic Nervous System (SNS) and lead to the body experiencing what is commonly termed stress. When the causative conditions change and the body can recover, the nervous system reduces the body stress level in an attempt to revert the body back to it's normal state using the Parasympathetic Nervous System (PNS).
HR is a measure of the times per minute the heart contracts. The typical range is between 60 and 90 bpm (beats per minute). Using the mean HR to evaluate the level of stress and presence in different conditions can give an idea of the overall stress of the experience, but it cannot determine what this stress has been caused by [12] . Therefore, we need to use a wider range of analysis on the HR, to understand the stress and its causes.
Heart Rate Variability (HRV) is computed from the raw ECG signal and it can then be used to describe the physiological behaviour of the individual under a specific situation. This form of analysis is particulary useful in understanding event related experiences [1] . HRV is influenced, at different frequencies, by the ANS and in particular by the activities of the Parasympathetic and Sympathetic Nervous Systems (PNS and SNS). The low frequency components (LF) of the HRV (0.04Hz -0.15Hz) are modulated by both the PNS and SNS. The high frequency components (HF), between the range of 0.15Hz and 0.4Hz, are mainly modulated by the PNS. The ratio LF/HF describes the balanced behaviour of the SNS and PNS. In situations of mental stress, a rise in the LF components and a decrease in the HF components is observed leading to an increase in the LF/HF ratio. During dynamic exercise, or any activity involving physical stress, an increase of the HR is noticed but this is accompanied with a stable level of the HF components. A typical ECG signal has a repeated wave with 6 peaks (named P,Q,R,S,T and U in fig. 1 ). The R-peak is the highest and the reference for the heart beat, but usually we refer to the QRS complex, that includes the previous and the following small peaks . The RR interval is the distance in time between to following QRS complexes, those represent the time it takes for depolarization of the ventricles. The NN signal is the normal to normal beat time distance. Generally the RR and NN intervals are taken to be the same however in some individuals extrasystoles (premature contractions of the heart chamber) are recorded. The NN values reflect analysis of cleaned up ECG data from the extrasystoles. The changes in the RR (or NN) interval can be described in the time and frequency domains, and they determine the HRV.
THE EXPERIMENT
Experimental Goals
The object of this study was to examine if there were variations in the stress level during a VE experience. We were interested in whether physiological responses could useful as a tool for evaluating what reactions the volunteers had and whether or not they had event-related stress during the experience. As part of the experimental design we were interested in investigating whether there needs to be consistency between the levels of realism of the different elements within a scene, in particular buildings and characters (see 3.3 for the details).
Scenario
The VE explored by the participants was a replica of a street with virtual people walking around. The layout of the street can be seen in Figure 2 .
During the experiment, at any one time, 8 out of set of 16 different virtual characters were seen walking along the street, avoiding any collision with each other and with the participant. Depending on the condition of the experiment, the characters were cartoon-like or semi photorealistic, as shown in Figure 3 .
Independent Variables
The two main factors in the study were the texture quality of the environment and the visual aspect of the virtual characters: 
Texture quality of the environment
• Repetitive (20 textures, repeated twice on different buildings),
• Non-repetitive (40 textures, none repeated).
Visual aspect of the characters
• Cartoon-like in aspect and form,
• Visually semi photorealistic and humanoid-like.
In Section 4 we refer to the four conditions as:
• HH -High level textures (non repeated) and High level (realistic) avatars
• LH -Low level textures (repeated) and High level (realistic) avatars
• HL -High level textures (non repeated) and Low level (cartoony) avatars
• LL -Low level textures (repeated) and Low level (cartoony) avatars
Dependent Variables
During the experiment, the volunteers were asked to signal (by pressing a button of the joystick) whenever they had a BIP. After the experiment, the SUS [17] and the ITC-SOPI [10] questionnaires were completed by the participants as subjective measures of presence. In addition the participant's behavior during the experience was recorded on video tape along with positional data obtained from the tracking sensors.
Three physiological signals have been recorded: respiration, GSR and ECG. Respiration has been only used as a control signal during the recording, but no analysis has been planed on it. GSR analysis is on going. This paper is only on the analysis of the ECG with respect to HRV. ECG was sampled at 256 Hz. Measurements of HRV parameters as discussed in Section 4.3 were performed using the g.BSanalyze biosignal software package by Guger Technology [6] .
Explanatory Variables
A demographics questionnaire was administered about age, gender, occupation, language proficiency, experience in computer games, programming and virtual reality.
The System
Participants were placed inside a CAVE-like system [3] , where the VE was projected. The CAVE-like system used was a Trimension ReaCTor, consisting of three 3m x 2.2m solid acrylic walls and a 3m x 3m floor. It was powered by a 300MHz Silicon Graphic Onyx2 with 8 MIPS R12000 processors, 8GB RAM and 4 InfiniteReality2 graphics pipes. The participants wore lightweight CrystalEyes stereo glasses, tracked by a wireless Intersense IS900 system, with 6DOF ultrasonic sensors. The participants were able to navigate in the VE using a wireless navigation joystick-like device, with direction of movement determined by the pointing direction. The frame rate of the simulation was around 45 Hz.
The software used was a derivative of Distributed Interactive Virtual Environment (DIVE) version 3.3x [5, 19] which was ported to support spatially immersive systems [19] . DIVE is an internetbased multi-user virtual reality system in which participants can navigate in a shared 3D space.
The ProComp Infinity, an eight channel device by Thought Technologies LTD [21] , was used for physiological data acquisition.
Procedure
Forty individuals were recruited for the experiment. The participants were distributed equally amongst the four conditions that resulted: five males and five females for each group. Three different experimenters helped with the running of the studies. In any one session, two of the three experimenters guided the participant through the study. The roles played by the experimenters were randomized in order to minimize the impact of experimenter bias on findings.
After initial greetings, the participants were asked to complete a consent form after going through an information sheet. The participant was then asked to answer an online questionnaire containing a series of demographic questions. After this, the participants were trained to record breaks in presence following the method described in [15] , but the results of this analysis are reported in [23] and a different study that examined the relationship between breaks in presence and physiological responses is reported in [16] .
The participant was introduced to the ReaCTor and fitted with various devices: tracking sensors, shutter glasses and physiological sensors. Initially the participant was asked to stand still for about 90 seconds in the dark in order to record a baseline for the physiological signals in a relaxed and non-active state. After the baseline session, the VE appeared on the projection screen, at which point on of the experimenters explained the use of the joystick-like navigation device. The participant was asked to practice navigation in a training room (see Figure 4) . The training room is a virtual room in which free-standing single-digit 3D numbers were displayed floating over the floor. The participant was asked to move through the training room by following the number sequentially from 1 to 9 until he/she felt confident. Finally, the participant was reminded to signal any transitions from the VE to the real world (breaks in presence) by pressing buttons on the joystick-like device. Then the participant was asked to stand in front of a virtual door leading to the virtual street. At this point the participant was instructed to complete an exploration task in the street once the virtual door opened.
The virtual experience lasted around four minutes for each participant. After three minutes of virtual experience, the colour of the sky turned dark to signal the end of the experience, and the participants returned to the starting point in the virtual environment following instructions given to them before the study. Each study lasted about 30 minutes in total and each participant was paid £5 (pounds sterling). 
ANALYSIS AND RESULTS
Introduction
In this Section we focus on the analysis of the ECG; in particular the HRV analysis in both the time and frequency domains. The aim was to detect differences in the physiological responses of the participants, in the different segments: baseline, training and the actual experiment segments. The state of the participants during different segments of the study might give an interesting insight into the stress level experienced by the participants during the experience. For instance the experience while recording the baseline signal, quite a relaxing situation, is different to their experience in the training segment. The physical activity required of the participant changes through the different segments; for instance the baseline segment requires the least amount of effort in comparison to the others.
Data Pre-Processing
For each participant, the baseline segment lasted for 90 seconds and was used as a reference for comparison with the other segments. The training segment was not limited to a fixed time because it was important to let the participants start the main part of the experiment only when they felt comfortable enough. The exploration of the street lasted 3 minutes. The maintenance of a stringent timeline during the experiment was key to obtaining useable physiological data. Conducting HRV analysis requires similar time slots (segments) in order to be able to make valid comparisons. From the complete recording of each participant we extracted four 90 second segments. The first of these segments was the baseline. The second segment consisted of the last 90s of the training session, in order to avoid including the dramatic change induced by the transition from the baseline period, which required no activity, to the training period that required significant activity. The experience in the street was divided into two different segments, the first 90 seconds and the last 90 seconds. The whole experience was thus treated as four segments: baseline (B), training (T), first 90 seconds of the experiment (E1) and second 90 seconds of the experiment (E2).
HRV Algorithm
The RR time series were resampled at a frequency of 2 Hz. Then the power spectrum of the resampled time series was estimated using the Burg method [20] of order 15. The RR sequence was detrended and a Hanning window was applied prior to the spectrum estimation. The FFT length was 128 with an overlap of 64 and a sampling frequency of 2 Hz. Once all the measures are estimated, we have applied a sign test for paired couples, comparing the values for the different four time segments (B, T, E1 and E2). The Matlab 1 tools used for the HRV analysis was the g.BSanalyze by Guger Technology [6] . This analysis has allowed us to evaluate the different mental and physical stress levels between the 90 second segments. 
Results
In this Section we present the results related to the HRV analysis on the ECG signals. The sign tests show the significant variations for the values in the comparisons between the four time segments:
• B/T -sign test comparing the values in the baseline and in the training segments,
• T/E1 -sign test comparing the values in the training and in the first segment of the experiment,
• E1/E2 -sign test comparing the values between the two segments of the experiment,
In Table 2 , the raw results with the sign tests for all the 40 participants are shown, without gender or experimental factorials. We can observe that comparing the baseline segment to the training segments, there is an arising in the LF/HF ratio and no change in the HR measures, showing an increase in the mental stress level. When the participants started the experiment segment, the LF/HF ratio decreases along with the stress level and the physical activity. In the second segment of the experiment, both the stress level and the physical activity increases. In addition, there are significant differences in terms of HR, between the training segment and the first segment of the experiment. There is a reduction in the mean HR. However between the first and the second segments of the experiment, there is an increase in the mean HR.
The analysis indicates that there are different mental and physical stress levels in the different time segments of the experiment. The mental stress seems to increase at the beginning of the virtual experience, during the training, then it decreases at the beginning of the actual experiment, and it increases again at the end of the experiment. The physical stress seems being higher during the training and second half of the experiment.
The next step in the analysis was to evaluate different reactions between the experimental factorials (see section 3.3). In Table 3 , only the significant p values of the sign test are shown. The correspondent HRV variables are shown in Table 4 . We can see significant p-values indicating a significant variation in mean HR between the training segment and the first experiment segment, in all the conditions but HL (non repeated textures and non realistic avatars), where the SDHR decreases. An important aspect is the p-values for the rate LF/HF between training and the first segment of the experiment, where the value decreases in the conditions with non repeated textures (HL and HH).
The general effect of having less physical activity during the experiment segment, comparing with the training segment, is also confirmed between the conditions. The lower mental stress once they start the actual experiment is only verified for a subset of the conditions, showing a variation due to the level of realism of the avatars.
The last step in the analysis was to split the data according to the gender, to see whether or not females and males react in a different way during such an experience. In none of the four conditions where there strongly significant differences between males and females.
Discussion
The HRV variations provide good indications for stress level during real experiences [1] . One of the goals of this study was to examine similar techniques in relation to VR experiences, and to see if HRV analysis could be applied in order to determine whether or not the participants had stress during the experience.
In the above analysis, we can observe how the mental and physical stresses changed during the virtual experience. When comparing the baseline to the training segment, we notice an increase in the mental stress level. This finding has many possible explanations. The participants find themselves in a novel situation, undergoing the first or one of few VE experiences of their life, so they become curious, not knowing what is to come and whether they would be able to adequately carry out their side of the experiment.
During the training segment, the participants are asked to move, learn how to manage with the technology, but when the experiment starts, observations from reviewing the recordings reveal that most participants stand in the middle of the ReaCTor space while using the joystick on the wand to navigate to the ends of the virtual street. This requires much less physical activity than was required in the training phase. During the actual experiment, we notice a decrease in the mental stress or in the physical activity. become familiar with the technology and more confident therefore they start to relax in the virtual environment. Figure 5 outlines the main variations in the stress level. One of the interesting aspects of the analysis is in the differences between the first and second experiment segments. The physical activity increases and even the mental stress increases. Therefore, in the second half of the experiment, the participants start moving more and also seem to become more stressed. One possibility is that the participants start to notice more technical problems and the spatial limits of the environment. Another possibility is that something about the "social interaction" disturbs them -since the virtual characters uncharacteristically ignore them completely, which could be disturbing. There is some evidence of this reported in [22] . For example, in a preliminary analysis of behaviour in a pilot experiment using the same model, we have observed participants signalling BIPs when the notice that textures are repeated in the environment. This and similar faults are more likely to be detected the longer the participant is exposed to the Virtual Environment [18] . As a consequence it may be possible that the mental stress, during the complete experience of a virtual reality system, is high at the beginning when the participants do not know what to expect. However once the participants become more relaxed, observation of faults in the model may become an important factor, and also of course the content of the simulation would itself be significant.
In [23] , there is the presence analysis related to this experiment, based on presence questionnaires and BIPs. The authors made a presence measurement during the whole virtual experience, expecting the level of the textures and the behavior of the avatars to be the key determinants of the presence level. In particular, they suggest that the perception of the realism in the character behaviour is positively correlated to the level of presence. The level of the texture (repeated or no-repeated) was also important for the differen level of presence across the conditions: the condition with repeated textures and realist avatars (LH in this paper) produced the lower reported presence response.
In this paper, we shifted the attention of the analysis to the level of stress, but still using conditions based on key features in the environment. The correlation between the level of mental stress and the quality of the texture has been confirmed and could be correlated to the level of presence. In particular, the conditions with no-repeated texture resulted the ones with lower level of stress and higher level of presence. Also the hypothesis about the lack of social interaction in the avatar, as a disturbing factor, finds a similar hypothesis in the presence analysis, where the perceived character behaviour is important.
This suggests that one feature that might be investigated in future is whether faults in the environment cause BIPs and lead to a higher level of stress. In this experiment we do not have large enough numbers of BIPS to study this in detail. The number of BIPs across the subjects is 124, where 55 were during the first 90 seconds and 69 during the last 90 seconds. A t-test over the data gives a p-value of 0.088. This means that there is a difference and the number of BIP increased in the second half of the experiment, but in this case the variation was not significant but it only gives an indication for the next studies. Further studies and investigations are required to explore the implications of these results.
CONCLUSION AND FUTURE WORK
In our study, we recorded the ECG signals for all 40 participants before and during the experience of a virtual urban simulation. We ran a HRV analysis in time and frequency domains on separate 90s time segments selected from these recordings.
Firstly, the analysis indicated that being introduced into an immersive virtual environment creates a stressful situation for the participants, compared to the pre-experience baseline session. The stress level decreases once they get inside the more natural-looking and engaging environment that was designed for the experiment. We hypothesize that this was because the participants began to get used to the new technology and that they felt more comfortable as time passed by. In the last segment of the experience, the participants tended to become more stressed perhaps due to a lack of interest in the environment, a mundane explorative task, or because the technological limits in the system become more apparent. Although our explanations of the change in stress levels can only be considered hypotheses, the fact that we can detect differences is very promising and suggests that these types of time-varying responses should be taken into account when analysing participant behavior in such VEs.
Secondly, comparing between the condition in the experiment design, we found that the condition with non repetitive textures, that is the more visually realistic environment, was one that most influenced the mental stress of the participant. Although a preliminary result, it suggests that the effects of visual fidelity are having an impact on much higher levels of response.
HRV analysis has proved itself an interesting tool for the evaluation of mental and physical stress in participants during a virtual reality experience. It has highlighted that people respond respond with stress to a training period, which, for this experiment, reduced once the main study started. This suggests that in future experiments people should be allowed to continue training until they report being very comfortable with the controls and understand their tasks. The study has also generated a hypothesis -that the longer an experiment continues there is greater chance for participants to become aware of problems with the system, which itself may be a stress inducer.
